Mutations of Fog2 in mice result in a phenotype that includes pulmonary lobar defects.
INTRODUCTION
The mammalian lung develops from budding of the foregut endoderm into a complex lobular structure composed of branching networks of airways and vascular structures.
While later stages of pulmonary branching morphogenesis are becoming better understood, the genes that guide the early specification of the lung and the subsequent establishment of stereotyped secondary bronchi are largely unknown.
Obstacles to the discovery of these mechanisms include the paucity of early lungspecific markers and the lack of mouse models with specific defects in secondary bronchial patterning. There are mutations which cause abnormal branching morphogenesis and abnormal lobar structure (1, 2) ; however, these also result in diffuse developmental defects that make it difficult to assess specific effects on secondary bronchial patterning.
We have found that a deficiency of the gene, Fog2 (Friend of Gata 2), also called Zfpm2, causes loss of the accessory lobe and anterior right medial lobe of the mouse lung with relatively good preservation of other structures (3) . Because mice homozygous for a hypomorphic allele of Fog2 also have diaphragmatic defects, we used organ culture at a time point prior to the occurrence of diaphragmatic muscularization to show that this structural defect is primary and is not influenced by diaphragmatic development. Culture of embryonic lungs at the time of secondary bronchial branching demonstrates the development of a bud and a lobe in wild type mice and the complete absence of an accessory bud and lobe in lungs from Fog2 null mice (3) . (Culture during this time is not adequately sensitive to demonstrate the partial right medial lobe defect that is seen in mice that survive to late gestation.)
Because the accessory lobe defect is readily evaluated in culture, and has not been variable in Fog2 mutant mice derived from a variety of genetic backgrounds, it is an ideal phenotype to examine in an effort to identify other genes required for normal pulmonary development.
Fog2 is a transcription cofactor for the Gata transcription factor family(4) and interacts with other mediators of development such as COUP-TFII (5) and retinoic acid receptors (6) . Our aim in the experiments described here was to determine whether Fog2-dependent lobar development was mediated by Gata transcription factors. Both
Gata4 and Gata6 are expressed in the foregut endoderm; however, previous studies have implicated Gata6 and not Gata4 as playing a role in lung development (7) (8) (9) (10) (11) .
Unfortunately, early embryonic lethality precludes the evaluation of in vivo early lung patterning and development in the Gata6 null mutant mouse (12) . Gata5 is also expressed in the developing lung, making it a candidate for Fog2 mediated lung development, however a Gata5 null mutant mouse has no evident pulmonary phenotype(13) suggesting it is not likely to be a primary moderator of this process.
Alteration of a specific amino acid in the zinc finger domain of Gata transcription factors results in the disruption of Fog-Gata binding while preserving Fog independent Gata function (14, 15) . Mice carrying this mutation, introduced by homologous recombination into the murine Gata4 locus, have cardiac and gonadal defects similar to those seen in Fog2 null mutant mice (16, 17) . These mice have increased survival compared to Gata4 null mutant mice, likely as a consequence of the preservation of Fog -independent Gata function. This increase is insufficient to permit evaluation of Gata4 as a mediator of Fog2-dependent diaphragmatic development, although mRNA expression patterns are consistent with this possibility. In this report we describe the generation of the analogous Gata6 mutant line, and our investigation of whether Gata4, Gata6, or both, mediate Fog2-dependent establishment of normal pulmonary lobar structure.
MATERIALS AND METHODS
These experiments were conducted with approval of the Center for Animal Resources and Comparative Medicine (Harvard Medical School) and the Animal Resources at Children's Hospital (ARCH, Children's Hospital, Boston).
Gata6 Targeted Mouse
A Gata6 genomic clone was provided by Dr. Jeffery Molkentin (Cincinnati Children's Medical Center). A SmaI-SacI fragment was subcloned into pBluscript KS (+) for site directed mutagenesis using QuikChange Site-Directed Mutagenesis Kit (Stratagene).
The sequence TGCGGCAACT, part of the N-zinc finger motif currently annotated in Exon 5 was changed to TGCGTGAATT to produce a missense mutation from valine to glycine at position 239 (ENSMUSP00000005989) and to introduce an MunI restriction site. The targeting vector was built on the mutagenized plasmid mentioned above by inserting a HSV-tk cassette into 5' of the left homology region (the SmaI fragment from original genomic clone) and a loxP-flanked PGK-neo cassette between the left homology arm and right homology arms (see Fig.1A ). The targeting construct was linearized with Asp718 and electroporated into CJ7 ES cells. A correctly targeted clone was identified by Southern blotting (see Fig.1B ). To remove the PGK-neo cassette, the positive clone was subjected to transient transfection with GFPcre followed by FACS sorting for GFP(+) cells. ES clones with PGK-neo cassette removed were identified and confirmed by both PCR and Southern Blot. After karyotype was determined to be normal, the targeted cells were injected into C57B6 mouse blastocysts to generate chimeras. Genotyping was done thereafter by PCR followed by digest with MunI.
Genotyping:
Genotyping for Gata6 ki line was performed with standard PCR using these primers: 
Lung Culture
Timed pregnancies were set with day of plug detection defined as day 0.5. Embryos were collected on days 11.5 and 12.5. Pregnant mothers were euthanized with carbon dioxide, prepped with alcohol, and uterus was removed and placed in sterile PBS solution. Lungs were cultured as previously described(3) on polyester membranes with Dulbecco's modified Eagle's medium, nutrient mixture F-12 supplemented with 10% fetal bovine serum, 0.3 mg/ml L-glutamine, 100 units/ml penicillin, 100 mcg/ml streptomycin, and 0.25 mcg/ml amphotericin B. Lungs were photographed daily with a dissecting microscope (Leica, Wetzlar, Germany) equipped with a transilluminating base and a digital camera.
Gata4 Immunofluoresence
Embryos were collected from timed pregnant A/J x C57BL/6J wild type mice at e10.5 or 11.5 with day of plug discovery defined as day 0.5. The embryos were fixed in fresh 4% paraformaldehyde at 4°C for 4 hrs, and then cryoprotected in 30% sucrose prepared in 1x PBS at 4°C overnight. The embryos were then embedded in OCT, and frozen on dry ice. Tissue sections were cut on a Leica cryostat (7 μm) and stored at - Fog2-lacZ hemizygote cross were harvested at e10.5 and e11.5. Whole embryos were fixed in fresh 1% formaldehyde, 0.2% glutaraldehyde, 2mM MgCl 2 , 5mM EGTA (PH8.0 ), and 0.02% NP-40 in PBS at 4°C for 4 hours. Embryos were then washed 30 minutes x 3 times in 1x PBS plus 0.02% NP-40 at room temperature. Whole embryos were stained in 1mg/ml X-gal (Sigma, Cat# B4252), 5mM K 3 Fe (CN) 6 , 5mM K 4 Fe(CN) 6 , 2mM MgCl 2 , 0.01% deoxycholic acid, and 0.02% NP-40 in PBS in the dark at room temperature overnight. Embryos that did not carry a lacZ allele, had no staining and served as negative controls. After staining, embryos were washed in 1x PBS before post fixation in 10% formaldehyde for 12 hours. Post fixed embryos were dehydrated and paraffin embedded. Transverse embryonic sections were cut 7 μm thick. Sections were de waxed, rehydrated, and counter stained with 0.2% eosin.
RESULTS

Targeted Gata6 mice have normal pulmonary lobar structure
We started with an evaluation of Gata6 mutant mice, as Gata6 is the only Gata factor that has previously been reported to be important for lung development (7-10, 18, 19) .
Chimeric mice carrying the targeted V238G missense mutation in the Gata6 locus 
Gata4 and Fog2 are expressed in the early pulmonary mesenchyme
To further assess the role of Gata4 in pulmonary development, embryonic expression of Gata4 protein was evaluated by immunofluorescence during the period of primary and secondary lung branching. At e10.5, primary lung buds have recently formed from the laryngotracheal diverticulum. Expression of Gata4 at a level rostral to the primary bronchial buds is restricted to the mesothelial surface and peripheral ventral mesenchyme ( Figure 4A) , while at the level of primary branching ( Figure 4B ) and caudal to the branchpoint ( Figure 4C ) expression is extensive in the ventral mesoderm and mesothelial tissue. Gata4 is not expressed in lung epithelial cells ( Figure 4D ). By e11.5, secondary branches have been established. Expression of Gata4 in the lung at e11.5 is mainly limited to the pleural and parietal mesothelial surfaces ( Figure 4E,F) .
Expression at these time points is also evident in the heart, septum transversum, gastric epithelium, and pleuroperitoneal folds.
Fog2 expression mirrors Gata4 expression in the pulmonary mesenchyme during lobar development (e10.5), while expression patterns diverge after the establishment of secondary bronchi (e11.5). We evaluated β-galactosidase expression in e10.5 and 11.5 embryos of mice carrying a Fog2-lacZ reporter 3 . At the primary bronchial stage ( Figure 4G ) expression of Fog2 , like Gata4, is present in the ventral pulmonary mesenchyme and mesothelialium . After secondary bronchi are established (e11.5), expression becomes diffuse in the pulmonary mesenchyme ( Figure 4H ) in the mid lung fields adjacent to the pleuroperitoneal folds (PPFs). Fog2 is also expressed in pleuroperitoneal fold (PPF) tissue thought to contribute to the mature posterior diaphragm. There is no pulmonary epithelial expression of Fog2.
DISCUSSION
Early lung formation requires specification of the foregut endodermal tissue to bud, formation and elongation of the primary bronchi, separation of lung bud from the esophagus, and the formation of secondary bronchi (20) . Most of the genes and genetic pathways required for the complex process are unknown. We report that
Fog2-Gata4 interaction is necessary for the development of normal secondary lung structure. In addition, this function in patterning the ventral and medial lobar structure is correlated with a unique and overlapping expression pattern in the developing pulmonary mesoderm.
As Gata4 was not previously reported to be expressed in the lung, and Gata6 is expressed in the distal lung bud epithelium of all lobes during lobar establishment(7), we anticipated that Fog2-Gata6 interaction would be necessary for lobar development.
Unexpectedly, we have found that it is Fog2-Gata4 interaction that mediates early pulmonary patterning. Furthermore, Gata6 does not appear to have even a redundant function, as there was no difference between the lung phenotype of Gata4 mutant mice and doubly homozygous Gata4/Gata6 mutants.
The expression patterns of Gata4 and Fog2 that we found in the early lung support the evidence that they are required for patterning lobar structure. Both Gata4 and Fog2 are expressed in a restricted pattern limited to the ventral and medial regions of the pulmonary mesenchyme and mesothelium during secondary bronchial formation. The lobes that are missing in Fog2 and Gata4 mutant mice are those that are more medial and ventral, suggesting that this pattern of expression reflects the organization of the lung. After secondary lobar structure is established, expression of Fog2 becomes more diffuse in the pulmonary mesenchyme while Gata4 expression quickly becomes restricted to smooth muscle cells surrounding pulmonary arteries.
Recently, pulmonary abnormalities limited mainly to the accessory and right middle lobes were found in some mice heterozygous for a null mutation of Gata4 (21) . These mice have normal numbers of bronchi, but have dilated airways, delayed expression of epithelial cell differentiation markers, and ectopic expression of smooth muscle actin.
In this model, Gata4 was necessary for normal mesenchymal function, but not 
Fog2
, and Gata4 expression in later lung development and an evaluation of lung epithelial markers in Gata6 ki/ki mice will help to answer these questions.
The establishment of Gata4 as a transcription factor critical for normal pulmonary development may have important implications for understanding abnormal lung development in some human patients with congenital heart disease or congenital diaphragmatic defects, as Gata4 is the third gene (after Fog2 and COUP TFII) identified to be critical for the primary development of the lung, the heart, and the diaphragm in mice (21) (22) (23) . Humans with diaphragm defects have a high mortality and morbidity secondary to pulmonary hypoplasia, respiratory insufficiency, pulmonary hypertension, and right ventricular heart failure(24) , and human structural lung defects may be associated with diaphragmatic defects or cardiac defects (25, 26) . Since
Gata4 is a human candidate gene for congenital heart disease(27-31)and congenital diaphragmatic hernia (32) (33) (34) , the pulmonary hypertension, ventricular dysfunction, and lung disease associated with these conditions in some patients may be a consequence of the effect of perturbed Gata4 function in the developing lung. For this reason, further exploration of its role in both development and function of lung and pulmonary vasculature is warranted.
In summary, Fog2 and Gata4 are critical for patterning the developing mouse lung into stereotypic lobes. However, since deficiencies in these genes do not affect lung or body laterality or formation of the other lobes, they are only a subset of the factors necessary for normal early lung patterning. This establishment of Gata4 as a critical transcription factor for lung development helps further our understanding of how field limited gene expression in the early pulmonary mesenchyme contributes to lobar development. 
